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Abstract

Gigacycle fatigue data sheets have been published since 1997 by the National Institute for Materials Science. They cover several areas
such as high-cycle-number fatigue for high-strength steels and titanium alloys, the fatigue of welded joints, and high-temperature fatigue
for advanced ferritic heat-resistant steels. Some unique testing machines are used to run the tests up to an extremely high number of
cycles such as 10'° cycles. A characteristic of gigacycle fatigue failure is that it is initiated inside smooth specimens; the fatigue strength
decreases with increasing cycle number and the fatigue limit disappears, although ordinary fatigue failure initiates from the surface of a
smooth specimen and a fatigue limit appears. For welded joints, fatigue failure initiates from the notch root of the weld, because a large
amount of stress is concentrated at the weld toe. The fatigue strength of welded joints has been obtained for up to 10 cycles, which is an
extremely high number of cycles for large welded joints. The project of producing gigacycle fatigue data sheets is still continuing and will
take a few more years to complete.
© 2007 Published by Elsevier Ltd.

Keywords: Gigacycle fatigue; Interior fracture; High-strength steels; Titanium alloys; Fatigue strength; Welded joints; High-temperature fatigue; Heat-
resistant steels

Contents
Lo Introduction . . . ..o 545
2. Gigacycle fatigue for high-strength steels and titanium alloys . ... ... .. ... .. . 546
3. Fatigue strength of welded JOInts . . . . . . .. . 548
4. High-temperature fatigUue . . . . . . . . o e 549
5. ConCIUSIONS . . o ot e e 551
References . . ... ... 551

1. Introduction

The National Institute for Materials Science (NIMS),
and before that, the National Research Institute for
Metals (NRIM), has published the fatigue data sheets
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since 1975. At that time, there were no reliable fatigue
strength data for engineering materials. In designing a
machine or structure subjected to repeated loading, it was
necessary to collect the data of the fatigue strength of the
materials from the literature. However, the data had a
broad scatter band because the experimental test condi-
tions including specimen size, type of testing machine,
frequency of the repeated load, and applied load condition,
were varied considerably among the laboratories.
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To obtain reliable and standard fatigue strength data for
Japanese fundamental engineering materials, a national
project was started at NIMS in 1975 [1]. An advisory
committee was also established at NIMS to determine
the most effective direction of this project. The committee
recommended that NIMS should take responsibility
for everything from the selection of materials and the
preparation of specimens to the fatigue tests and the
analysis of the data [1].

Systematic results with less scatter were published as
NIMS fatigue data sheets and technical documents for
about 20 years from 1975. Eighty-four volumes of data
sheets [2] and 17 technical documents [3] for about 50 types
of fundamental engineering materials were published. The
initial purpose of this project was achieved and the project
was completed in 1995.

An example of one of the above data sheets is shown in
Fig. 1 [4], in which the results of 11 types of fundamental
JIS standard steel such as carbon and low-alloy steels are
shown. For each steel, nine steel blocks were prepared and
three samples subject to different heat treatments were cut
from each steel block; thus, the data for each steel were
accumulated from a total of 27 samples. The specimens
were smooth cylindrical bars with a diameter of 8 mm for
all the materials. The fatigue tests were performed by
rotating bending, and the frequency was 30 Hz. This figure
shows a clear correlation between the fatigue limit at 10’
cycles, o441, and the tensile strength, op, for the materials,
expressed by the following equation:

owb=0.503. ey

This relationship is widely accepted as a useful empirical
equation. This was one of the outcomes resulting from the
first stage of compiling fatigue data sheets.

Recently, the fatigue properties of materials for very
high cycle numbers of over 107 cycles have been studied
with keen interest. The numbers of high-speed machines
and highly efficient structures are increasing, and high-
strength materials are being used increasingly in applica-
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Fig. 1. Relationship between rotating bending fatigue strength at 107
cycles and the tensile strength for various types of engineering material.

tions such as the springs and axles of automobiles or high-
speed trains, tall buildings, bridges, the turbo engines of
rockets, and high-efficiency supercritical power plants.
Some high-strength materials and advanced new materials
fail after over 107 cycles.

In conventional fatigue tests, the fatigue limit is
determined at 107 cycles, and fatigue cracks tend to initiate
from the specimen surface. On the other hand, for very
high cycle numbers over 107 cycles, the failure is initiated
from nonmetallic inclusions, microstructure defects, or
transgranular facets inside the specimen [5]. This is
important because the fatigue strength decreases signifi-
cantly with increasing number of cycles, and the fatigue
limit disappears. This means that safe-life design technique
is not valid and the safety margin should be increased or a
fail-safe design should be applied.

A new project to produce long-term fatigue data sheets
for advanced materials for very high cycle numbers of over
107 cycles was started in 1997 [6]. Such fatigue behavior
was named gigacycle fatigue by NIMS [7]. Gigacycle
fatigue means that the failure is initiated not from the
surface but from the interior of the specimen.

In this paper, new testing machines and the results from
gigacycle fatigue data sheets are introduced.

2. Gigacycle fatigue for high-strength steels and titanium
alloys

It takes a long time to run gigacycle fatigue tests. For
example, it takes about 3 years to run a test of 10'° cycles at
100 Hz. One method of obtaining the long-term data is,
thus, to run continuous tests for 3 years. Another method
is to use very-high-frequency testing machines.

Figs. 2 and 3 show the testing machines used for
gigacycle fatigue tests of up to 10'* cycles. Fig. 2 shows a
multiple-axis, cantilever-type, rotating bending fatigue-
testing machine [8,9], which is able to run 48 tests at
the same time. The specimen diameter is also 8 mm and the
frequency is 100 Hz. This machine is suitable for contin-
uous long-term tests, because it is almost maintenance-free.
On the other hand, Fig. 3 shows an ultrasonic high-
frequency fatigue-testing machine [10,11] equipped with a
piezoactuator. The loading condition is the push—pull type.
The frequency is an ultrasonic 20 kHz and the specimen
diameter is 3 mm.

Figs. 4 and 5 show the fatigue-test results for a high-
strength spring steel SUP 7 tempered at 430 °C obtained
using the rotating bending [7] and ultrasonic machines [12],
respectively. These results show that the type of applied
load, rotating bending or push—pull, and the size of the
specimens have no effect on the results. Moreover, there is
no frequency effect between 30 Hz and 20 kHz. Even in the
ultrasonic-frequency tests, the temperature of the specimen
does not increase under air-cooled conditions because
the applied stress is very small. The data obtained from the
20kHz machine are coincident with the conventionally
obtained data in Fig. 4. The fish-eye failure mode occurs
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Fig. 2. Multiple-axis, cantilever-type rotating bending machine for testing
gigacycle fatigue.

Fig. 3. Ultrasonic high-frequency machine for testing gigacycle fatigue.
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Fig. 4. Rotating bending fatigue strength of SUP 7 spring steel.

for almost all the specimens. A typical fracture surface is
shown in Fig. 6 [11]. The initiation site of the fracture is a
nonmetallic inclusion such as Al,Os.

The results of fatigue tests for a titanium alloy are shown
in Fig. 7 [13]. The testing machines used are an electro-
magnetic-resonance-type machine with a frequency of
120 Hz and the 20 kHz ultrasonic machine. The specimen
diameter of the electromagnetic resonance-type machine is
6 mm. Both load conditions are push—pull type. A marked
decrease in fatigue strength is observed over 107 cycles for
the titanium alloy. However, in this case, the failure mode
is interior but there are no inclusions at the initiation site of
the fracture surface. Fig. 8 shows the fracture surface
of Ti-6Al-4V alloy in the gigacycle fatigue region [13].
The initiation site may be a microstructure defect on the
boundary. In the case of low-temperature fatigue or
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Fig. 5. Ultrasonic (push—pull type) fatigue strength of SUP 7 spring steel.
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Fig. 6. Initiation site of high-cycle-number fatigue. Al,O5 on the fracture
surface of SUP 7 spring steel.
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Fig. 7. Push-pull-type fatigue strength of titanium alloy at frequencies of 120 and 20 kHz.
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Fig. 8. Fracture surface of titanium alloy. The fracture mode is interior,
but there are no nonmetallic inclusions.

coarse-grained forged titanium alloys, clear crystallo-
graphic facets are observed at the fracture surface, which
are the initiation sites of fatigue fracture [14].

The effect of hydrogen on gigacycle fatigue failure for
high-strength steels is now being focused on. At NIMS
these effects are also now being investigated for hydrogen-
charged steels [15].

3. Fatigue strength of welded joints

The fatigue strength of welded joints is generally
considered to be affected by the weld residual stress and
the stress concentration at the weld toe [16]. Usually the
residual stress at the weld toe is tensional; thus, the fatigue

strength of the welded joints decreases [17]. Also, the stress
concentration factor at the weld toe is usually large. The
factor is about 2-3 for butt-welded joints and 3-10 for
cruciform-welded joints, depending on factors such as
the weld toe radius and plate thickness. The effects of the
residual stress and the stress concentration at the weld toe
have not yet been distinguished clearly [18].

In this series, the effect of plate thickness and plate width
is under investigation by systematically varying those
of specimens. Fig. 9 shows the specimen profiles used
to investigate the effect of plate thickness between 9 and
160mm. The welded joints here are non-load-carrying
cruciform-welded joints.

An example of fatigue-test results for the welded joints is
shown in Fig. 10 [19-21]. This figure shows the effect of
plate thickness on the fatigue strength of the cruciform-
welded joints. The test is under zero tension so that the
stress ratio, R=0pin/0max, 18 zero and the frequency is
5-50 Hz. In Fig. 10, the fatigue strength decreases over 10’
cycles and the fatigue limit first appears at 10% cycles.

Fig. 11 shows the relationship between K; and K;, where
K is the notch factor derived from Gpase metal/Fwelded jointss
and K is the stress concentration factor at the weld toe.
Obase metal ANd Oyelded joints ar€ the fatigue strengths at 108
cycles for the base metal and welded joints, respectively. In
this study it is unusual to obtain a fatigue strength at 10®
cycles even for large specimens. The fatigue strength of
welded joints may be mainly determined by the stress
concentration factor K.

Usually the notch effect for a small round-cylindrical
specimen of base metal saturates at K, = 2 or 3, as shown
by the dotted line in Fig. 11, because a nonpropagating
crack appears at the notch root. In other words, the fatigue
limit does not decrease with K; over K, =2 or 3. This is
generally considered to be due to plasticity-induced crack



K. Yamaguchi et al. | Science and Technology of Advanced Materials 8 (2007) 545-551 549

Fig. 9. Specimens of non-load-carrying cruciform-welded joints. 7 is the
plate thickness.
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Fig. 10. Effect of plate thickness on the fatigue strength of cruciform-
welded joints. 7 is the thickness and w is the width of the plate.

closure, oxide-induced crack closure, or roughness-induced
crack closure at the tip of the crack [5]. On the other hand,
the notch effect Ky for welded joints does not saturate over
K, =2 or 3 because it is thought that the tensional residual
stress at the weld toe results in the propagation of a fatigue
crack initiated at the weld toe. The data for butt-welded
joints, which were obtained 20 years ago [22], are also
indicated in Fig. 11. The concentration factor for butt-
welded joints is small; thus, the effects of stress concentra-
tion and residual stress were not distinguished clearly.

It is difficult to quantitatively measure the residual stress
immediately below the weld toe. However, it is necessary to
recognize that some tensional residual stress always exists at
the weld toe, which may induce the propagation of cracks.

4. High-temperature fatigue

High chromium ferritic steels for use in supercritical
power plants operating at 625-650 °C have been developed
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Fig. 11. Relationship between notch factor Ky and stress concentration
factor K;. The dotted line indicates the behavior of the notch specimen
without residual stress, like a machined round-bar notch specimen. X
indicates the data for butt-welded joints [21].

in Japan in place of austenitic stainless steels [23]. The
steels are 9% Cr-2% W and 12% Cr-2% W for high-
efficiency power plants [23] in Japan as well as modified 9%
Cr-1% Mo steel. In high-temperature fatigue data sheets,
the results for long-term-fatigue and creep-fatigue tests on
these advanced steels are reported.

For high-temperature gigacycle fatigue tests, a servo-
hydraulic fatigue machine with a frequency of 1kHz
is used, as shown in Fig. 12. This machine has a servo-valve
of voice coil type for high frequency. Induction heating is
used for high-temperature tests [24] and the specimen
diameter is 3mm. For creep-fatigue tests, axial-strain-
controlled, digitalized conventional hydraulic machines are
used. In this case, the specimen diameter is 10 mm.

The gigacycle fatigue properties for 12Cr—2W steel are
shown in Fig. 13 [24]. The fatigue stress normalized by
tensile strength ¢,/op is used in the vertical axis in Fig. 13.
The ratio at 10° cycles is about 0.5 at room temperature
and 450 °C, but at 650 °C the ratio is below 0.5. Usually
this ratio is about 0.5 for ordinary fatigue data, as shown in
Fig. 1, but in the case of interior failure this ratio is
below 0.5, such as at 650 °C for 12Cr—2W steel. At this
temperature, the fracture surface is oxidized; however,
interior fracture is observed for some specimens shown by
dashes in Fig. 13 [24].

Examples of creep-fatigue data analysis by the strain-
range partitioning method [25] are shown in Fig. 14 [26]
and Fig. 15 [27] for ferritic and austenitic steels,
respectively. The materials in Fig. 14 are ten types of
ferritic steel used in supercritical power plants. The
materials in Fig. 15 are low-carbon, medium-nitrogen
316FR austenitic steel and 20 types of 316FR steel
modified by their production process, heat treatment, or
chemical composition for use in fast-breeder reactors at
550 °C. The creep-fatigue tests were performed by applying
a trapezoidal strain wave for a given tension hold time at
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Fig. 12. 1kHz servo-hydraulic machine for high-temperature fatigue
testing. The temperature of the specimen is controlled by induction

heating.
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tension side. The testing temperatures are 650 and 550 °C
for ferritic and austenitic steels, respectively.

The strain-range partitioning method can be used to
describe the creep-fatigue data as follows using creep
ductility:

A&y N3O = 0.2D7. 2)

This equation is applicable for both materials, where D, is
creep rupture ductility and o is 0.6 for ferritic steels and 2
for austenitic steel. Ae,, and N, are the inelastic strain
range and the number of cycles to failure, respectively, for
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Fig. 14. Results obtained by strain-range partitioning method for ferritic
steels.
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cp-type deformation, which is tensile creep deformation
reversed by compressive plastic deformation. Therefore,
Aec, and N, correspond to the inelastic strain range and
the number of cycles to failure, respectively, for pure creep-
fatigue conditions derived from the analysis of tension-
hold-time test results. This analysis is based on the creep
ductility and the strength of the materials throughout the
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inelastic strain range, thus may be applicable for many
types of material. The difference in materials is reflected by
the index number o of creep ductility. Austenitic steels are
more sensitive to creep ductility than ferritic steels.

The microstructures of advanced materials such as high-
chromium ferritic steels have been investigated by a new
observation method [28,29] in which the electrically
polished surface is observed using a field-emission scanning
electron microscope (FE-SEM) [30]. The result is shown in
Fig. 16 [29]. The microstructure consists of prior austenitic
(y) grains, packets, and blocks. Lath boundaries exist inside
the block domains. However, the lath boundaries are low-
angle boundaries and are not observed by this method [30].
The lath structures can be observed using a transmission
electron microscope [29]. These multiscale structures were
first observed clearly for ferritic steel. This new observation
method is applicable for the investigation of the mechan-
ism of material strength, deformation, and microstructures.
Observations by this method suggest that block boundaries
play an important role in the strengthening mechanism and
stable microstructure against the creep fatigue [28,29].

5. Conclusions

Gigacycle fatigue data sheets from No. 85 to No. 103
have been published since 1997. They consist of gigacycle
fatigue data for high-strength steels and titanium alloys,
the fatigue of welded joints, and high-temperature fatigue
for advanced ferritic heat-resisting steels. Some unique
testing machines are used for each of the fatigue tests, such
as an ultrasonic fatigue-testing machine and a multiple-axis
cantilever-type rotating bending fatigue-testing machine.

551

Fatigue failure is initiated from the interior in gigacycle
fatigue, and the fatigue strength of welded joints has been
obtained for up to 10® cycles, which is an extremely high
number of cycles for large welded joints. The project of
producing gigacycle fatigue data sheets is still continuing
and it will take a few more years to complete.
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